Turkish Journal of Biology
Volume 41

Number 1

Article 18

1-1-2017

Identification of proteins differentially accumulated in
Enterococcus faecalis under acrylamide exposure
ALEKSANDRA BOCIAN
KONRAD HUS
MARCIN JAROMIN
MIROSLAW TYRKA
ANDRZEJ LYSKOWSKI

Follow this and additional works at: https://journals.tubitak.gov.tr/biology
Part of the Biology Commons

Recommended Citation
BOCIAN, ALEKSANDRA; HUS, KONRAD; JAROMIN, MARCIN; TYRKA, MIROSLAW; and LYSKOWSKI,
ANDRZEJ (2017) "Identification of proteins differentially accumulated in Enterococcus faecalis under
acrylamide exposure," Turkish Journal of Biology: Vol. 41: No. 1, Article 18. https://doi.org/10.3906/
biy-1606-23
Available at: https://journals.tubitak.gov.tr/biology/vol41/iss1/18

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Biology by an authorized editor of TÜBİTAK Academic Journals. For more
information, please contact academic.publications@tubitak.gov.tr.

Turkish Journal of Biology

Turk J Biol
(2017) 41: 166-177
© TÜBİTAK
doi:10.3906/biy-1606-23

http://journals.tubitak.gov.tr/biology/

Research Article

Identification of proteins differentially accumulated in Enterococcus faecalis under
acrylamide exposure
Aleksandra BOCIAN*, Konrad HUS, Marcin JAROMIN, Mirosław TYRKA, Andrzej ŁYSKOWSKI
Department of Biotechnology and Bioinformatics, Faculty of Chemistry, Rzeszow University of Technology, RzeszÓw, Poland
Received: 08.06.2016

Accepted/Published Online: 20.09.2016

Final Version: 20.02.2017

Abstract: Analysis of bacterial proteomes can be used to obtain large amounts of information about adaptive microbial mechanisms
to changing extracellular conditions. In the past, many bacterial species with the ability to degrade acrylamide were isolated. In this
study differences in the Enterococcus faecalis proteome upon acrylamide exposure were investigated. We revealed substantial changes
in the proteome of bacteria cultured in different environmental conditions. Microorganisms exposed to acrylamide showed higher
accumulation of proteins associated with energy metabolism and its regulation. Moreover, several proteins involved in protection of cells
from stress conditions were also identified. These biomacromolecules are involved in proper folding of newly synthesized polypeptides
like chaperones or participate in mechanisms of DNA repair. In contradiction with previous reports, the presence of amidase was not
detected. However, identification of aminopeptidase with activity to hydrolyze amino acid amides can indicate that it can degrade
acrylamide to acrylic acid and ammonia instead of amidase. According to identified proteomic profiles, a new mechanism of acrylamide
degradation by Enterococcus faecalis is proposed.
Key words: Enterococcus faecalis, acrylamide, biodegradation, proteomics, genome sequencing

1. Introduction
The presence of acrylamide at high concentrations in the
environment is very dangerous due to its detrimental
effects on living organisms. Therefore, many attempts
are being made to solve the problem of acrylamidebased waste disposal. A number of those investigations
pointed out a variety of bacterial strains that are capable
of aliphatic and aromatic amide degradation as a potential
solution to acrylamide waste problems (Buranasilp and
Charoenpanich, 2011).
Acrylamide monomer (AM) is widely used in the
chemical industry in wastewater treatment, in pesticide
production, and in the laboratory as an alkylating agent
for selective modification of sulfhydryl groups and as a
solid support in protein separation by electrophoresis
(Charoenpanich, 2013). Moreover, results from 2002
revealed that acrylamide can be spontaneously generated
in Maillard reactions between amino acids (mainly
asparagine) and reductive sugars during heat treatment of
food (Mottram et al., 2002).
AM exhibits neurotoxicity and is classified as a
potentially carcinogenic substance. It is also suspected
to have a negative effect on reproduction of organisms
(Ruden, 2004).
* Correspondence: bocian@prz.edu.pl
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Biodegradation is a natural process allowing
xenobiotic compounds to be degraded by microorganisms
present in the environment. In order to survive in difficult
environmental conditions organisms have developed
number of adaptations, which enable them to derive energy
from pollutants (Sinha et al., 2009). These include changes
in membrane composition, cell surface hydrophobicity, or
specific protein synthesis (Zhao and Poh, 2008).
Although we know much about the biodegradation
process, there is also a lot of missing information about
adaptation mechanisms in xenobiotics-degrading bacteria.
For example, it is still unclear which proteins are involved
in the direct metabolism of acrylamide. Charoenpanich
and Tani (2014) made an attempt to determine differences
in the proteome of Enterobacter aerogenes after acrylamide
exposure. They found 15 proteins with increased
expression in the presence of acrylamide. Four enzymes
were connected with the energy metabolism of cells,
and the other proteins were involved in the process of
translation as well as transport and cell protection during
stress.
Despite the fact that the complex mechanism of
acrylamide biodegradation is still unknown, most studies
reported the presence of amidase in acrylamide-degrading
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bacteria; thus, previously suggested pathways are based on
this protein (Nawaz et al., 1994; Ohtaki et al., 2010; Cha
and Chambliss, 2013; Sharma et al., 2013). Amidase or
amidohydrolase (EC 3.5.1.4) is an enzyme that catalyzes
hydrolysis of amides to free carboxylic acids and ammonia.
Most of the currently known amidases have been
described in bacteria. However, enzymes originating from
various bacterial species often exhibit different properties
including various substrate specificities (Fornaud and
Arnaud, 2001). In order to better understand metabolic
processes of acrylamide biodegradation, more proteomic,
metabolomic, and immunochemical analyses are required.
This study provides new information about molecular
adaptations of Enterococcus faecalis in the presence
of acrylamide as well as proposing a new pathway of
acrylamide biodegradation.
2. Materials and methods
2.1. Bacteria selection and cultivation
Bacterial cultures from biologically active sediments
obtained from a water purification plant in Orzysz, Poland,
were grown in 250 mL of LB medium overnight at 37 °C.
Aliquots of 200 µL of the LB culture were transferred to
petri dishes with standard M9 mineral, solid medium
supplemented with 0.5% (w/v) acrylamide (Ultra Pure,
BioShop). Single colonies were obtained from M9 agar
plates and cultivated separately in 250 mL of liquid LB
medium. Aliquots of 5 mL were transferred to 250 mL of
standard M9 mineral medium supplemented with 0.5%
(w/v) acrylamide. Selection of a particular strain was based
on spectrophotometric measure of culture density. Liquid
culture with the highest value of OD600 was chosen for
further investigation. The selected bacterial strain, able to
grow on acrylamide-containing medium, was transferred
to liquid LB supplemented with 20% (v/v) glycerol and
then aliquoted and stored at –80 °C.
For proteomic analyses, 500 µL of bacteria was cultured
at 37 °C in LB medium with and without acrylamide (0.5%
w/v). Bacteria were harvested in their stationary phase
after approximately 48 h. Their growth was monitored at
OD600.
2.2. Protein extraction and 2-D electrophoresis
The liquid bacterial culture was centrifuged at 4 °C and
5000 × g for 30 min and the pellets were transferred to tubes,
frozen in liquid nitrogen, and kept at –80 °C until further
protein extraction. The bacteria were ground in a mortar in
liquid nitrogen and extracted in accordance with Hurkman
and Tanaka (1986). Protein concentration was determined
using the 2-D Quant Kit (GE Healthcare) with bovine
serum albumin as a standard. Isoelectrofocusing, the first
dimension in 2-DE, was performed on 24-cm Immobiline
DryStrip gels (GE Healthcare) with linear pH range of 3–10
using 500 µg of protein extracted from 100 mg of bacteria.
In the second dimension under reducing and denaturing

conditions (SDS-PAGE) the proteins were separated
using 13% polyacrylamide gels (1.5 × 255 × 196 mm)
with a Roti®-Mark PRESTAINED molecular weight
marker (Roth) as a standard. Following electrophoresis
the gels were stained with colloidal Coomassie Brilliant
Blue G-250, using the modified method of Neuhoff et al.
(1988). A detailed protocol for the preparation of protein
maps was given by Kosmala et al. (2009). Gels were
scanned with the ImageScanner III (GE Healthcare) and
processed by LabScan 6.0 (GE Healthcare). Spot detection
and image analysis (normalization, spot matching, protein
accumulation analyses) were performed with Image Master
2-D Platinum software (GE Healthcare). The abundance
of each protein spot was normalized as a relative volume
(%Vol: a ratio of the volume of a particular spot to the total
volume of all spots present on gel). These values were used
to calculate means and standard deviations for the three
replications. Finally, those values were used to create the
detailed accumulation profiles of each protein spot on the
gels. Statistical analysis was performed with Statistica 8.0
software (StatSoft). The spots were selected based on the
quantitative and the qualitative differences (spots present
only on gels obtained from material collected from AMcontaining medium). To avoid random errors, a usual
value for bioinformatics (3-fold change in %Vol) was
assumed as the limit of significance. The selected spots
were used for further MS analyses.
2.3. Mass spectrometry and protein identification
Proteins selected by statistical analysis were excised from
gels and digested using Sequencing Grade Modified
Trypsin (Promega) according to a modified protocol
adapted from Shevchenko et al. (1996). Peptide masses
were measured using a MALDI-ToF/ToF MS (Autoflex
Speed, Bruker Daltonics). The sample ionization was
performed with a laser beam at 337 nm. The analyzer
worked in the linear mode and positive ions were
recorded in the mass range between 700 and 3500 Da.
Mass calibration was performed after every four samples
using standards in the range of expected analytes (Peptide
Calibration Standards I, Bruker Daltonics). The obtained
peptide mass fingerprint data were exported to Mascot
software for MSDB (Model System Database) or SwissProt
database searches (www.matrixscience.com). The
following search parameters were applied: mass tolerance
was set to 0.2 Da; one incomplete cleavage was allowed;
alkylation of cysteine by carbamidomethylation as fixed
and oxidation of methionine as variable modification.
Particular peptides selected from the mass spectrum
were sequenced by laser-induced dissociation using a
LIFT ion source and tandem mass spectra were analyzed
as described above. The search parameters for MS/MS data
were the same as those applied for MALDI-ToF analysis
with one exception: mass tolerance was set to 0.4 Da for MS
mode and 0.2 Da for MS/MS mode.
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2.4. Genome sequencing and metagenomic analysis
Bacterial culture initiated from the new banked strain
was grown overnight at 37 °C on liquid LB medium for
DNA isolation. The Genomic Mini AX Bacteria DNA
isolation kit (A&A Biotechnology) was used to obtain a
preparation containing 1 µg of bacterial DNA. The sample
was ultrasonicated (M220 Focused-ultrasonicator, Covaris)
to obtain 430-bp-long fragments with the following
parameters: duty factor, 20%; peak incident power, 50;
number of cycles per burst, 200; duration, 80 s in frequency
sweeping mode at 20 °C. The TruSeq DNA Sample
Preparation Guide (Illumina) was followed to repair and
adenylate 3’ ends of DNA, ligate adapters, purify products
(Agencourt AMPure XP, Beckman Coulter), and enrich
DNA fragments. The resultant library was validated on a
Bioanalyzer 2100 (Agilent) and quantified with the Qubit
fluorometer (Thermo Fisher Scientific). MiSeq Reagent Kit
v3 was used for library sequencing (Miseq, Illumina).
The file containing genome sequencing results was
used for metagenomic analysis and bacterial species
identification using the Illumina BaseSpace web platform.
The GENIUS Metagenomics: Know Now app version 1.0.0
(CosmosID) with default parameters was used for species
identification.
3. Results
3.1. Bacterial strain identification
Based on the performed bioinformatic analysis of
the sequencing data (paired ends, number of clusters

4,345,291; number of reads 8,690,582; read 1 and 2 length
301 bp; size 1.83 GB), the selected bacterial strain was
identified as Enterococcus faecalis (organism: Enterococcus
faecalis 105 Node; taxonomy: Bacteria > Firmicutes >
Bacilli > Lactobacillales > Enterococcaceae > Enterococcus >
Enterococcus faecalis) with relative abundance of 100.00%
indicating a single bacterial strain present. The sequence
of the identified strain is available from GenBank under
accession no. CP015998.
3.2. 2-D electrophoresis and protein accumulation
profiles
Proteins from Enterococcus faecalis cultured in different
conditions (LB with (sample) or without (control)
acrylamide) were separated on high-resolution 12%
polyacrylamide gels after the initial isoelectrofocusing
(pH range 3–10). Proteins derived from the control and
sample were represented by maps in triple replicates. Only
the spots that were detected within all three replicate gels
were included in the analyses. In total, 757 spots were
selected by Image Master Platinum software for analysis.
However, after statistical study the number of spots used
in further investigations was limited to 109 (14.4%). They
were chosen based on one of two criteria: 3-fold greater
relative volume value on samples compared to the control
(yellow tags in Figure 1), or spots present only on sample
gels (blue tags in Figure 1).
A representative gel with proteins derived from the
bacterial control cultured in LB is presented in Figure 1
as a gel on the left. Spots are grouped mostly in the acidic

Figure 1. Representative 2-D protein maps obtained from Enterococcus faecalis cultured in LB (control, (a)) and LB with
0.5% acrylamide (sample, (b)). The proteins were separated by isoelectrofocusing in the pH range of 3–10, then distributed
on polyacrylamide gels by SDS-PAGE and stained with colloidal Coomassie Brilliant Blue G-250. Spot detection and image
analyses were performed using Image Master 2-D Platinum software (GE Healthcare). The normalized relative volumes
of matched spots were used for comparisons made between gels to reveal the accumulation profiles of particular proteins
under stress conditions in Enterococcus faecalis. Yellow tags indicate numbers and positions of spots whose relative volumes
were at least 3-fold smaller (P ≤ 0.05) on control gels than on sample gels. Blue tags stand for spots that were present only
on sample gels. Molecular weight (MW) and pH scale are show.
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region of the gel (pH 4–6). The majority of proteins are
located in the mass range of 23–95 kDa and at the same
time represent proteins with highest protein accumulation.
However, not many spots were taken from this region for
further analysis. A similar pattern was seen on sample
gels (right side of Figure 1). Proteins are focused in the
central area of gel (pH 4–6) and spread between 23 and 95
kDa. However, in this case there is a higher concentration
of proteins throughout gel. Spots excised from gels were
further analyzed by mass spectrometer.
3.3. MS and protein identification
From 109 analyzed spots, 72 were identified (66.1%
identification efficiency). Among 72 identified proteins
37 exhibited quantitative changes on gels (51.4% of
all identified proteins). On the other hand, qualitative
characteristic was represented by 35 spots (48.6% of
identified proteins). Detected biomolecules can be divided
into several groups depending on their function. These are
proteins involved in metabolism, cell protection, regulation
of protein synthesis, or transmembrane transport and
signaling. At least 28 proteins that play roles in cell energy
metabolism were found. About 20 of them regulate protein
synthesis on transcription or translation levels or directly
participate in production of new peptide chains. In turn,
14 of 72 of all identified biomacromolecules directly
or indirectly take part in protection and cell response
to stress conditions. However, it is not easy to classify
detected proteins into only one group because part of
them are involved in many complex processes. All relevant
information about proteins identified by MALDI-ToF/ToF
is listed in the Table.
4. Discussion
Our group applied a high-throughput approach in order
to understand and describe the biochemical activity of a
novel bacterial strain obtained from biologically active
sediments from a water purification plant. The examined
strain was selected on the basis of a spectrophotometric
assay. The ability to degrade acrylamide was directly
proportional and linked to the measured increase in
culture OD600, indicating that the analyzed bacteria are
capable of metabolizing the xenobiotics present in the
medium.
Selective expression of certain proteins in bacteria
grown under the investigated conditions is clearly visible
even in direct comparison of obtained protein maps. First,
the number of spots on sample gels is much higher than on
control gels. This demonstrates an induction of synthesis
of certain proteins under stress conditions in bacteria.
In addition, some of the genes were overexpressed in
the presence of acrylamide as indicated by the increased
intensity of spots. There was also a group of spots present
only on control gels. Those spots represent proteins that

would be synthesized under normal conditions, but their
expression is blocked during acrylamide exposure. The
role of this inhibitory mechanism is probably to protect
bacteria from wasting energy on creating nonessential
proteins in new conditions (Murray et al., 2008). Despite
that, there are still many similarities between the gels.
Figure 1 shows that most of the spots are located between
pH 3 and 7 and between 23 and 95 Da. Those regions
probably contain proteins encoded by constitutive genes
whose stable expression is required for normal function
of cells (Gandhi, 2011). In the future, application of strips
with lower pH ranges could increase the resolution of
protein separation and improve proteomic analyses.
Surprisingly, the analysis of expression patterns via
MALDI-ToF/ToF spectrometry did not reveal the presence
of amidase either in the sample or the control. However,
two enzymes with aminopeptidase activity were detected.
Cytosol aminopeptidase (spot #409) and glutamyl
aminopeptidase (spot #215) remove N-terminal amino
acids from polypeptide chains. Cytosol aminopeptidase
also exhibits the ability to hydrolyze methyl esters and
amino acid amides (Manchenko, 2002). Acrylamide
shows structural similarity to the amino acid amides
(Figure 2). Therefore, it cannot be ruled out that cytosol
aminopeptidase hydrolyzes amide bonds in acrylamide
forming acrylic acid and ammonia.
The mechanism of acrylamide metabolism in bacteria
is still not fully understood (Charoenpanich, 2013).
According to Wampler and Ensign (2005), acrylamide
deaminates to acrylic acid and then it is hydroxylated to
β-hydroxypropionate or L-lactate. It is worth considering
the next step of this pathway as L-lactate oxidation to
pyruvate with the assistance of L-lactate dehydrogenase
(spot #692). Pyruvate is a crucial substrate of catabolic
and anabolic processes. It can be oxidized to acetyl-CoA
or converted to different anabolic products. The proposed
pathway is illustrated in Figure 3.
The majority of positively identified proteins play
an important role in bacterial metabolic pathways. The
largest group is represented by proteins involved in the
tricarboxylic acid cycle (Krebs cycle). Overall, there
were 5 positively detected proteins that take part in 7
reactions of the citric acid cycle. These are succinyl-CoA
synthetase α-subunit (spots #109, #742), malate:quinone
oxidoreductase 1 (spot #207), isocitrate dehydrogenase
(spot #302), 2-oxoglutarate dehydrogenase complex
component E2 (spots #426, #428), and aconitate hydratase
A (spot #540). In spots #304 and #355, acetate kinase
was also discovered. It plays a crucial role in acetyl-CoA
biosynthesis as well as in energy production during
fermentation processes (Buss et al., 1997). Elevated levels
of proteins from the Krebs cycle indicate that this pathway
is crucial in obtaining energy during acrylamide exposure
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YES
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116
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5

5

4
5

3
4
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3
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2
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-

-

Peptide sequencej

Table. The results of MS analysis performed on proteins that showed at least 3-fold differences in abundance or those that were present only on sample gel.
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oxidoreductase 1
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YES

129

70

67
73

41

151

142

49
93

39
93

70

97

45

103

49
57

71

45
66

41

25

1
2

1

42

42

2
3

2
3

10

32

2

32

2
3

53

2
2

-

-

IEDALNSTR
NVTSGANPVGIR

ADYLLEISR

-

-

QTNNNPSKPVIR
NFAEIEQEIANAVK

QTNNNPSKPVIR
NFAEIEQEIANAVK

-

-

ASGGALSTILR

-

YGFHGTSHK
ESGLLGLTGTSSDLR

-

DYFGAHTYER
SEDLPANLIQAQR

-

-

1018.5
1184.6

1079.6

-

-

1367.7
1688.8

1367.7
1688.8

-

-

1045.5

-

1033.4
1505.7

-

1258.5
1454.7
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LIGD PSEAE

ENO ENTHR

RS1 STAEQ

HSLU LACLE

HSLU LACLE

DNAK ENTFA

DNAK STAEQ

DNAK STAEQ

DNAK STAEQ

gi|242232967

RL2 SULNB

gi|488368647

ACNA STAEQ

gi|488368647

gi|501034271

gi|488377594

491

493

494

500

501

507

509

510

511

513

527

536

540

541

567

600
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PMF

LIFT

LIFT

LIFT

LIFT

LIFT

LIFT

PMF

LIFT

LIFT

LIFT

LIFT

LIFT

Staphylococcus epidermidis
(strain ATCC 35984/RP62A)
Lactobacillus leichmannii

Lactobacillus leichmannii

Enterococcus faecalis (strain ATCC 700802/V583)

Staphylococcus epidermidis (strain ATCC/RP62A)

Staphylococcus epidermidis (strain ATCC/RP62A)

Staphylococcus epidermidis (strain ATCC/RP62A)

Staphylococcus epidermidis W23144

Sulfurovum sp. (strain NBC 37-1)

Staphylococcus epidermidis
Staphylococcus epidermidis
(strain ATCC 35984/RP62A)
Staphylococcus epidermidis

Staphylococcus epidermidis

Staphylococcus epidermidis

30S ribosomal protein S1

ATP-dependent protease ATPase
subunit HslU

ATP-dependent protease ATPase
subunit HslU

Chaperone protein DnaK

Sulfite reductase (NADPH)
flavoprotein, alpha-component

Pyruvate phosphate dikinase

Glycerol-3-phosphate
cytidylyltransferase

Hypothetical protein

Aconitate hydratase A

Pyruvate phosphate dikinase

50S ribosomal protein L2

Chaperone protein DnaK

Chaperone protein DnaK

Chaperone protein DnaK

LIFT

PMF

Enterococcus hirae

Enolase

PMF

Pseudomonas aeruginosa (strain ATCC 15692/
PAO1/1C/PRS 101/LMG 12228)

Multifunctional nonhomologous end
joining protein LigD

19

15

98

99

98

30

71

66

66

66

65

51

51

43

46

94

YES

YES

YES

NO

NO

NO

NO

NO

NO

YES

NO

NO

NO

YES

YES

NO

1
2
3
1
2
1
2

59
81
62
46
59
39
46

73

6

6

1
1
1

58
76
48
49

1
1

1
1
1

84
78
48
53
66

31

77

2

1
1

58
56

76

6

6

40

29

16

32

30

98

91

71

FGIPPEFEYER

SYYDYEQR

FAYDCYR
IAVDLVHEQLITR
TYQVEDFETIFR

YLLDHDVAIR
FDSLVELDYYR

IAVDLVHEQLITR
AFSSDDNLLLVSVR
TYQVEDFETIFR

-

ATPDEVGITVGAVR

FQLTDIPPAPR
AVITVPAYFNDGER

FQLTDIPPAPR
AVITVPAYFNDGER

FQLTDIPPAPR
AVITVPAYFNDGER
DAGLSTSEIDEVILVGGSTR

IPAVVEAVR
FQLTDIPAAPR

QNQMQQMQEMIQSLL
AGGGMSEETEEVTDEIR

QNQMQQMQEMIQSLL
AGGGMSEETEEVTDEIR

-

-

-

1383.6

1123.5

994.4
1506.9
1547.8

1214.7
1419.7

1506.9
1535.9
1547.8

-

1464.8

1254.7
1551.8

1254.7
1551.8

1254.7
1551.8
2019.0

953.6
1228.7

1836.7

1836.7

-

-

-
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174

gi|488219476

gi|487748353

gi|487748353

TOLB WOLSU

AROC STRPQ

gi|488217971

LDH1 ENTFA

Y322 STAEQ

TIG CLOB8

gi|488219127

gi|227178380

SUCC STAEQ

613

615

616

643

671

687

692

699

707

710

729

742

LIFT
LIFT
LIFT
LIFT

LIFT
LIFT
LIFT
LIFT

PMF
LIFT
LIFT
PMF

Enterococcus faecium
Staphylococcus epidermidis
Staphylococcus epidermidis
Wolinella succinogenes (strain ATCC 29543/DSM
1740/LMG 7466/NCTC 11488/FDC 602W)
Streptococcus pyogenes serotype M3
(strain SSI-1)
Enterococcus faecium
Enterococcus faecalis (strain ATC 700802/V583)
Staphylococcus epidermidis
(strain ATCC 35984/RP62A)
Clostridium beijerinckii
(strain ATCC 51743/NCIMB 8052)
Enterococcus faecium
Enterococcus faecium TX1330
Staphylococcus epidermidis
(strain ATCC 35984/RP62A)

L-lactate dehydrogenase 1

Probable transcriptional regulatory
protein SERP0322

Hydrolase, alpha/beta domain protein

Succinyl-CoA ligase [ADP-forming]
subunit beta

Fructose-bisphosphate aldolase

Trigger factor

Thioredoxin reductase

Chorismate synthase

Protein TolB

General stress protein 18

General stress protein 18

Transcriptional regulator

LIFT

Enterococcus faecium

Transcriptional regulator

42

37

31

48

26

35

33

42

47

18

18

20

20

YES

NO

NO

YES

YES

YES

YES

YES

YES

NO

YES

YES

YES

70

59

90

76

43

67

59

38

42

85

18

3

3

28

4

3

3

2

3

7

7

5
7

67
87
94

5
7

76
90

-

TNSVVVFPEYSR

AHIDWFGSANK

-

GAGDENYDHLR

QAIAELVDVDAR

LGVPGEEEFAGR

EIKTYIDKIK

KFANMPSIIVEDSSTR

VPDDLDDFNR

VPDDLDDFNR

DIEDIYNQIK
QVAVDLDVIVEYGK

DIEDIYNQIK
QVAVDLDVIVEYGK

-

1397.7

1245.6

-

1246.6

1299.7

1260.5

1250.5

1794.7

1205.4

1205.4

1250.6
1547.9

1250.6
1547.9

b

a

Spot numbering is the same as in Figure 1.
Database accession number of homologous proteins.
c
Protein name in database.
d
Organism from which the protein originates.
e
The type of method used in protein identification.
f
The mass of the molecule.
g
Parameter indicating whether protein showed qualitative or quantitative differences between gels. Proteins visible only on sample gels (“NO” value) exhibit qualitative changes and
presence on both gels means quantitative differences (“YES” value).
h
Protein identification was performed using the Mascot search with probability-based Mowse score. Ions score was –10 × log(P), where P is the probability that the observed match
was a random event. Mascot defined threshold that indicated identity or extensive homology (P < 0.05) was 40.
i
Amino acid sequence coverage for the identified proteins.
j
Peptide sequence derived from LIFT analysis. Identification of proteins by MS/MS method was conducted by comparing obtained sequences with sequences from database.
k
Molecular ion mass of sequenced peptide.

gi|488219476

608

Table. (Continued).
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Figure 2. The scheme shows the structural similarity between the
acrylamide compound and random amino acid amide.

in bacteria. Therefore, it is possible that acrylamide is
converted to compounds that are initial substrates of the
tricarboxylic acid cycle.
Proteins with the ability to catalyze reactions from
the glycolysis pathway were also identified. We revealed
5 enzymes involved in glycolysis: fructose-bisphosphate
aldolase (spot #710), aerobic glycerol-3-phosphate
dehydrogenase (spot #197), 2,3-bisphosphoglyceratedependent phosphoglycerate mutase (spot #155), enolase
(spot #493), and pyruvate phosphate dikinase (spot
#536). In addition, analysis by mass spectrometer showed
the presence of 6-phosphogluconate dehydrogenase,
decarboxylating (spot #324) and 2,5-diketo-D-gluconic
acid reductase (spot #147). These two are enzymes from
the pentose phosphate pathway whose metabolites are
used during glycolysis.
This study also revealed the presence of at least 20
proteins involved in controlling levels of enzymes in
a cell. These can be divided into different subgroups.
Transcription factors were detected in 5 spots (#62, #63,
#608, #613, #619). Significant overexpression of genes
that code ribosomal proteins was also observed. Eight
spots represented proteins from small and large ribosomal
subunits. Increased accumulation of ribosomes in a cell
could be connected to an elevated need for new enzymes
and protein synthesis in order to facilitate more efficient
bacterial adaptation. Proteins identified in spots #211,
#285, and #389 are also directly connected with the process
of translation. They are involved in modification of tRNAs,
which provide amino acids during polypeptide formation
(Van Lanen et al., 2003; Zhou and Huang, 2008; Zhao et
al., 2014).
Another subgroup of regulators rely on the ability
of protein modification, which changes their activity.
These are HPr kinase (spot #65) and pyruvate, phosphate
dikinase (PPDK) regulatory protein (#187).
Enzymes from #198, #513, and #671 in turn play roles
in amino acid synthesis pathways: L-cysteine (spots #198
and #513) (Eschenbrenner et al., 1995) or aromatic ones
(spot #671) (Dias et al., 2006).

Figure 3. Proposed mechanism of alternative acrylamide
metabolism in Enterococcus faecalis. The scheme depicts a
possible route of acrylamide degradation to pyruvic acid (LAP –
cytosol aminopeptidase, LDH – lactate dehydrogenase). Details
are given in the text.

Our research shows that a large group of identified
proteins is associated with bacterial metabolism regulation.
The presence of acrylamide in growth medium caused
changes in their proteomes due to required adaptation. MS
analysis revealed that to achieve the goal of rapid proteome
modification both transcription factors and mechanisms
of enzyme activity regulation were used. Overproduction
of tRNAs, amino acids, and ribosomes indicates increased
synthesis of enzymes and proteins essential for survival of
bacteria under stress conditions.
Other important elements of bacterial adaptation
are chaperones, DNA repair mechanisms, and proteins
maintaining safe concentrations of harmful compounds
in cells. Seven spots contained proteins involved in proper
folding of newly synthesized polypeptide chains. Trigger
factor (TF) (spot #707) binds to nascent proteins, stabilizing
their structure and helping them to fold correctly. Longer
chains then interact with DnaK (spots #507, #509, #510,
#511) and DnaJ, and after a few ATP-dependent cycles, the
protein is properly folded. About 10%–15% of polypeptide
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chains utilize the GroEL/GroES system to take on the
right structure (Hartl and Hayer-Hartl, 2002). The GroEL
chaperonin (spots #463, #464) is built from 7 subunits
and to be fully active it requires GroES and energy in the
form of ATP (Horwich et al., 2007). Most proteins, which
are misfolded eventually, get degraded in proteasomes
to prevent their aggregation (Sung and Song, 2014). In
spots #500 and #501 fragments of such proteasome-like
structures were detected. In addition, proteins responsible
for general stress response were identified (spots #615,
#616). Most likely they participate in cell responses to
stress and acid tolerance (Thackray and Moir, 2003).
The presence of biomacromolecules that take part
in DNA repair seems to confirm reports on acrylamide
genotoxicity. Synthesis of proteins like RecA (spot #256)
or nonhomologous end joining (NHEJ) polymerase (spot
#491) indicates nucleic acid damages (Cromie et al., 2001;
Ataian and Krebs, 2006). Moreover, according to Tippin et
al. (2004), overexpression of error-prone DNA polymerase
(spot #424) is often induced by stress conditions. Hence,
it is possible that the investigated bacteria used those
mechanisms to survive.
The group of proteins associated with cell protection
also includes identified proteins TelA (spot #216)(Franks
et al., 2014), Cas1 endonuclease (spot #202) (Nunez et
al., 2015), MinE protein (spot #332) (Margolin, 2001),
and thioredoxin reductase (spot #687), a very important
protein in protection against oxidative stress (Das et al.,
1999).
There is still a lack of complete information about
the mechanisms of adaptation in acrylamide-degrading
bacteria. The proteomic approach seems to be an attractive
and effective way to reveal some of the underlying
processes. A previous report by Charoenpanich and Tani

(2014) presented data about several proteins that were
upregulated in Enterobacter aerogenes in the presence of
acrylamide. Similarly, they observed higher accumulation
of some proteins involved in energy metabolism, including
succinyl CoA synthase and malate dehydrogenase, which
were also found in our study. Moreover, we found 8
more proteins that take part in metabolic pathways, thus
indicating that bacterial cells during stress response indeed
require large energy supplies. In both studies, GroEL
chaperonin and trigger factor showed analogous patterns
of overexpression. Other chaperones were also found in our
research, suggesting that maintenance of protein activity is
an important adaptation of acrylamide-resistant bacteria.
In addition, we provide more information about regulation
of protein synthesis in bacteria under acrylamide exposure.
Surprisingly, in contrast to Charoenpanich and Tani and
other researchers (Nawaz et al., 1994, 1996; Buranasilp and
Charoenpanich, 2011), we did not detect the presence of
amidase, an enzyme that might catalyze the conversion of
acrylamide to acrylic acid. As mentioned earlier, based on
homologous enzyme activity, we proposed aminopeptidase
as a possible biocatalyst of that reaction in our strain of
Enterococcus faecalis.
In conclusion, this study provides valuable data about
changes in protein expression under acrylamide exposure.
It supplements actual knowledge about mechanisms of
bacterial adaptation under stress conditions. Moreover,
an alternative model of acrylamide degradation based on
aminopeptidase activity was proposed.
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